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SELECTIVE DATA INVERSION IN
ULTRA-WIDE BAND COMMUNICATIONS
TO ELIMINATE LINE FREQUENCIES

The present mnvention 1s concerns Ultra Wide-Band trans-
mission technology and, in particular, a method for modi-
tying data transmitted 1n an Ultra Wide-Band transmission
system to reduce discrete frequency components.

Ultra Wide-Band (UWB) technology has been used for
military applications for many years. Applications outside of
the military will soon become possible due to a rule
announced by the Federal Communications Commission
(FCC) that permits the marketing and operation of certain
new types ol consumer products incorporating UWB tech-
nology.

UWB technology uses base-band pulses of very short
duration to spread the energy of the radio signal very thinly
from near zero to several GHz. The techniques for gener-
ating UWB signals are well known.

The key motivation for the FCC’s new decision to allow
commercial applications 1s that no new spectrum 1s required
for UWB transmissions because, when they are properly
configured, UWB signals can coexist with other applications
in the same spectrum with negligible mutual interference. In
order to ensure negligible mutual interference, however, the
FCC has specified emission limits for the UWB applica-
tions. A basic FCC requirement 1s that UWB systems do not
generate signals that interfere with other narrowband com-
munication systems.

The emission profile of a UWB signal can be determined
by examining 1ts power spectral density (PSD). The PSD for
ideal synchronous data pulse streams based upon stochastic
theory 1s well documented in the literature. Characterization
of the PSD of the Time-Hopping Spread Spectrum signaling
scheme 1n the presence of random timing jitter using a
stochastic approach is 1n an article by Moe et al. entitled “On
the Power Spectral Density of Digital Pulse Streams Gen-
erated by M-ary Cyclostationary Sequences in the Presence
of Stationary Timing Jitter.” IEEE Tran. on Comm., Vol. 46,
no. 9, pp. 1135-1145, Sep. 1998. According to this research
power spectra of UWB signals consist of continuous and
discrete components. The continuous component behaves
like white noise and has less eflect on narrowband commu-
nication systems than the discrete component. Thus a basic
objective 1n the design of UWB systems 1s to reduce the
discrete component of the UWB power spectrum.

UWB technology has many potential applications 1in
networking and communications, as well as 1n radar. Mul-
tiple access systems such as current cellular systems and
wireless personal network systems (e.g. PAN systems) com-
monly use frame synchronization. Frame synchromization
uses a string of predefined pattern of bits, called ‘sync word’,
at the beginning of a frame to allow the receiver to syn-
chronize 1ts clock signal to the clock signal used to transmut
the data. In many wireless systems, especially in quality-
of-service ((QoS) guaranteed multimedia systems such as
audio/video systems, the length of the frame 1s fixed for
simplicity of implementation.

As described below, however, using a fixed frame length
with a predefined sync word in a UWB system may generate
a strong discrete component 1n the PSD of UWB signal.

SUMMARY OF THE INVENTION

The 1nvention 1s embodied 1n a method for generating a
pulse signal that 1s modulated by a data signal including at
least one repetitive data pattern. The modulated signal has a

10

15

20

25

30

35

40

45

50

55

60

65

2

reduced discrete frequency component resulting from the
repetitive data pattern. The method locates mstances of the
repetitive pattern 1n the data signal and randomly 1nverts
ones of the instances before modulating the pulse signal with
the modified data signal. According to one aspect of the

invention, the repetitive bit pattern 1s a frame synchroniza-
tion word.

According to one aspect of the invention, the repetitive
data pattern 1s a frame synchromization word.

According to another aspect of the invention, the data
signal 1s divided into blocks and the repetitive data pattern
1s contained within ones of the blocks and the method 1nverts
randomly selected blocks of the data signal.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 1s signal pulse diagram that 1s useful for describing
UWRB signals that employ bi-polar or bi-phase modulation.

FIG. 2 1s a graph of the functions C(p) and D(p) versus
probability.
FIG. 3 1s a signal pulse diagram that 1s useful for

describing the application of the invention to the frame
synchronization pulses of UWB signals.

FIGS. 4A and 4B are signal diagrams that are useful for
describing a simulation of the present invention.

FIGS. SA, 5B, 5C, 5D, SE and 5F are graphs of frequency

versus amplitude that are useful for describing the results of
the simulations.

DETAILED DESCRIPTION

In order to understand the operation of the invention, 1t 1s
helptul to understand the Power of Spectral Densities
(PSDs) of a clocked random sequence and of sync words
used with fixed frame length data.

The PSD of a clocked random sequence may be used to
model the PSD of an 1deal data transmission. Assume that a
digitally controlled signal i1s used that produces random
transmissions at multiples of a basic clock period Tc. This
signaling technique, known as clocked Time Hopping by a
random sequence 1s shown i FIG. 1 and 1s modeled as
shown 1n equation (1).

S )
2.

H=——0&

s(1) =

a,wit —nilc—g,;)

where {a_} is an unbalanced binary independent identically
distributed (i.i.d.) random sequence and {e, } represents the
random timing jitter. It 1s assumed that (a,) and €, are
stationary and mutually independent.

As shown 1n FIG. 1, the transmissions 110, 112, 114, 116
and 118 having leading-edges that are separated by TIc
seconds. Transmissions 110, 116 and 118 have a positive
polarity (+1) while transmissions 112 and 114 have a nega-
tive polanty (-1).

The probability function of {a,} may be represented by
equation (2).

(2)
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For an independent stationary stochastic sequence {¢_}, it
has been shown that the continuous and discrete components
may be modeled in the frequency domain as shown in
equations (3) and (4).

> (3)
f)——IW FIHL=2p = D2, (NI}

d P_) ‘ ]
S(f)— ZWTC En

[=—oa

4)

)
Tc

Op [f

where
Be, (v) = E{e?™n}

and

Equations (3) and (4) are the components of PSD of a
clocked random sequence signal in the presence of arbitrary
stationary timing jitter. If it 1s assumed that the jitter term 1s
zero, (1.e. n=0) the above equations (3) and (4) can be
simplified to equations (5) and (6).

1 5
Se(f) = EIW(f)IZ{l - (2p-1)%) )

S9(F) = (QP— )? Z‘W

[=—oa

(6)

51_:- f—i]

These equations may be further simplified by defining

functions to represent some of the claim terms as shown 1n
equations (7), (8), (9) and (10).

1 7
A(f) = T—IW(f)F D
{
(8)
Bf) = Z‘w = el - =)
[=—oa
C(p)=(2p-1)° (9)

D(p)=1-(2p-1Y’ (10)
Using these terms, equation (5), representing S°(1), and
equation (6), representing S%(f), can be further simplified as
shown 1n equations (11) and (12).

SUp)=AND(p) (11)

S(.p)=B(HC(p) (12)

FIG. 2 1s a graph of the functions C(p) and D(p) versus
probability, p. It 1s noted that the following relationships
hold, based on these graphs, max C(p)=C(0)=C(1)=1, min
C(p)=C(0.5)=0; max D(p)=D(0.5)=1, min D(p)=D(0)=D(1)
=0
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Based on above results, the following relationships may
be denived:

Se(£,0)=0 and S“f, 0)=B(f) when p=0.

In this case, S%{) is at its maximum value and all of the
energy of the signal 1s 1n the discrete component no matter
what waveform 1s used for pulses;

S(f, 1)=0 and S%{, 1)=B(f) when p=1.

In this case also, S“(f) reaches maximum and all of the
energy of the signal 1s 1n the discrete component no matter
what waveform 1s used for pulses;

Se(f, 0.5)=A(f) and S“f, 0.5)=0 when p=0.5.

In this case, S°(1) reaches maximum and all of the energy of
the signal 1s 1n the continuous component no matter what
wavelorm 1s used for pulses.

From the above analysis, we can see that if the total PSD
remains the same, the distribution of the random sequence
will determine the distribution of the PSD between the
continuous and discrete components. If the random
sequence has equal probabilities of positive and negative
polarity values, all of the energy of the signal 1s in the
continuous component.

Now 1t 1s usetul to examine the relationship between A(T)
and B(1). Because the total PSD 1s the same for p=0 and
p=0.5, 1.e., S(1, 0)=S(1, 0.5), we have the relationship given
by equations (13), (14) or (135).

Af)=B () (13)

or

(14)

1 : z
W = ol - |

) (7

[=—oa

(15)

ar

RS C
= [T—

{=—o0

From equation (15) the following can be seen that:

The total PSD on the left side of the equation (1.e. the
continuous component) 1s equal to the total PSD on the
right side (1.e. the discrete component);

The PSD on the left 1s distributed over all frequencies
while the PSD on the right side 1s distributed only on
those discrete frequencies separated by 1/Tc. This
means that the PSD on the left side 1s more widely
distributed than the PSD on the right side;

Because of above two facts, the magnitude on left side of
equation (15) 1s less than the magmtude on the right
side.

Another explanation of the above statement 1s that on the
right side of equation (15), there 1s a scaling factor of 1/1c.
With high frame rate, Tc<<1 second, which means the
magnitude on the right side 1s larger than that on the left side.

From the above analyses, 1t can be seen that a good design
1s to reduce or eliminate discrete component of PSD. In the
exemplary embodiment of the mvention p 1s chosen to be
0.5. Consequently, all energy goes into continuous compo-
nent.

Based on the above theoretical analysis, a method may be
devised to reduce the discrete component caused by the
frame synchronization pattern (sync word) of a UWB signal
having a fixed frame length. In current wireless implemen-
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tations, sync words are usually transmitted at multiples of
the basic clock period Tc. In FIG. 3, for example, only the
sync words 310, 312, 314, 316 and 318 are shown. The
frames corresponding to these sync words are omitted. In
this example, the sync words occur at intervals of Tc Each
of the sync words 310, 312, 314, 316 and 318 consists of
several bits or symbols. It 1s noted that some of the sync
words (310, 316 and 318) have a positive polarity while
other sync words (312 and 314) have a negative polarity.

Each of the exemplary sync words consists of L. symbols
and symbol time 1s denoted by Tb. Similar to the previous
example, a generic model of sync word 1s given by equation

(16)

(16)
(it —nTc —1I{Th)

Because a sync word usually has fixed pattern as shown 1n
equation (17),

an.}.f:bfanﬂ (17)

and bis have fixed values as shown i equation (18),

[=0

1 (18)
by = .
1/—1, otherwise

The sync word model can be changed to that shown by
equation (19).

o P |

so(1) = ;: 2 Wt —nTc — ITh)

n=—oa (=0

= -1
= E HHFQZ bw(t —nTc —1TbH)
— {=0

(19)

Defiming the terms cn and ws(t-n'Ic) as shown in equations
(20) and (21)

Ch :an,ﬂ (20)

L-1

(21)
wo(f —nTc) = Z bw(t —nTc — ITh)
=0

allows the sync word model to be further changed to that
shown 1n equation (22).

- (22)
Sel(f) = Z cpowslt —nic)

If two sync words SYNC and SYNC are used and they

take opposite values at the corresponding bits, their prob-
ability function can be described by equation (23)

5

10

15

20

25

30

35

40

45

50

55

60

65

p, cp,=1 (5s=SYNO)

(23)
Pris} =
") { 1 —p, —1 (s=SYNC)

Cyp =

Then as 1n the analyses of the Clocked Random Sequence,
the continuous and discrete components may be represented
in the frequency domain as shown 1n equations (24) and (25)

Shp)=AH{1-2p-1)"} (24)

SAfp)=B(H(2p-1)° (25)

where the term Ws(1) in the functions A(1) and B(1) 1s the
PSD of the sync word.

As 1n the analyses of the Clocked Random Sequence, 11 p
1s chosen to be 0.5, the following relationship holds.

S(f; 0.5)=A(f) and S¢(f 0.5)=0.

In this case, S“(1) reaches maximum and all energy goes to
continuous component no matter what wavetorm 1s used for
pulses. Based on the above analysis of the PSD of multiple
sync words, the following mechanism 1s proposed for frame
synchronization:

1. Modulation of the UWB signal 1s bi-polar or bi-phase
where the different polarities or phases have the same
magnitude but different sign;

2. Two sync words are used 1n frame synchronization;

3. The two sync words have the same length and corre-
sponding bits of the two sync words have opposite
values;

4. One of the sync words 1s chosen 1n one frame, which
is controlled by a random sequence {b,} with an evenly
distributed function given by equation (26)

0.5, b, =1 (26)

Pr{b”}z{m by = -1

In performing above processing, a sequence {a,} is com-
bined with a control sequence {b, } using an exclusive-or
(XOR) operation. Thus a new sequence {c¢,} is produced as
shown 1n equation (27).

- (27)

where C =a @b .

The probability functions of {a,} and {b, } are given by
equations (28) and (29)

a, =1 28
Pr{ﬂ”}:{ﬁ (28)
l-p, a,=-1
0.5, b, =1 (29)
Prib,} =
0.5, b, =-1
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The XOR operation 1s shown 1n the table 1:
TABLE 1
a b C

The probability of {c,} can be obtained as shown in
equation (30)

Pr{c,=1}=Pr{a,=1,b,=—1}+Pr{ia,=-1,b,=1} (30)

Because {a,} and {b } are independent, equation (30)
becomes

Pricn =1} = Pria, = 1}1Pr{b,, = -1} + Pria,, = —1}Pr{b, = 1}

= p+0.5+(1 = p)*0.5

= 0.5
Similarly the probability that ¢ 1s negative 1 1s,

Pric, = -1} = Pria, = 11Prib,, = 1} + Pria, = =1} Pr{b, = —1}

p#0.5+ (1= p)=0.5

0.5

Therefore the probability function of {c,} is given by
equation (31)

5, ¢, =1 (31)

0.5, ¢, =—1

In doing this, a unbalanced sequence becomes balanced
sequence and energy from the sync words 1s transferred from
the discrete component to the continuous component of the

PSD.

As described above with reference to equation (19), the
sync word may be modeled as:

oo f—1

s,(1) = Z Z Gy (i — nTc — ITD)

n=—oa =0

(19)

alter applying the scheme described above 1n which selected
sync words are randomly inverted in polarity responsive to
the random sequence b, , described above with reference to
equation (26), the transmitted signal may be represented by
equation (32).

o0

I-1 (32)

so(1) = Z bﬂz tnw(t — nTc — ITh)

{=0

=00
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8

At time 1nstant n, the received signal can be represented
by equation (33).

1 (33)
f—

F(H) — bﬂ aﬂ,.‘f
0

where a,, ; 1s the estimate of a, that is the element of the sync
word is a=(a,, . . . ,a ). Assume a,,, may have values (1,
—1). Synchronization 1in base-band 1s done by finding the
sync word. This 1s typically done by sliding a correlation
window consisting of a through the received data r(n) and
calculating correlation function at each time instant. If the
sliding window 1s at the right place, the following correla-
tion operation may be described by equation (34) which
reduces to equation (35) when the received data 1s aligned
with the correlation window.

(34)

-1
[(n)=rn)-a=>,
—

Ay 1y
0

=b, x L (33)

where b, 1s etther 1 or -1. Therefore, sync word 1s said
detected when I(n) reaches either maximum or minimum. In
other words, 1f the magnitude of I(n) gets maximum, the
sync word 1s said found.

If the signal in the base-band 1s a sampled pulse shape
instead of (1, —1), the template for correlation will use data
of sampled pulse shape for correlation calculation. Criterion
for detection remains the same.

FIGS. 4A and 4B show a simulated signal that may be
used to evaluate the mventive method. The results of the
simulation are shown in FIGS. 5A through SE. The simula-
tion uses Periodogram PSD estimators to calculate the PSD
of different UWB signals. The simulation 1s configured as
follows: the single pulse 400 1s represented by 31 samples
and frame size T _frame occupying a time interval, Tc,
includes 256 samples. A fast-Fourier transform (FFT) opera-
tion having 32768-points 1s used on 32768 samples of the
UWRB signal to evaluate its PSD. Because a single estimate
may be subject to a large estimation bias and the because the

FCC regulation sets a limit on the average PSD, 500
estimates of PSD are used to smooth the PSD estimate.
The results of the simulation are shown i FIGS. SA
through 5F. FIG. SA shows the PSD of one pulse, FIG. 5C
shows the PSD of pulses of Time-Hopping with possible hop
times Nh=4. FIG. 5E shows the PSD of pulses of Time-
Hopping with possible hop times Nh=2, FIG. 5B shows the
PSD of bi-phase pulses with a probability p=0.25, FIG. 5D
shows the PSD of bi-phase pulses with probability p=0.5 and
FIG. S5F shown the PSD of bi-phase pulses with probability
of p=1.0. Indeed, FIG. 5F also illustrates the PSD of a
Time-Hopping signal with hop times Nh=1.
The results show that
Using time-hopping, the more the hop times, the smoother
the PSD, shown in FIGS. 5C, SE and S5F. However,
amplitude of the peak frequency i1s almost same, about
23 dB. And more hop times means low channel usabil-
ity. Reducing PSD and increasing channel capacity are
contlicting.
Using bi-phase pulses, when p=1.0 or 0.0, only discrete
components exists shown i1n FIG. 5F and when p=0.5,




US 7,366,268 B2

9

only continuous components exists, as shown i FIG.
5D. In between, both continuous and discrete compo-
nents exist, as shown 1n FIG. 5B.

Using bi-phase pulses, when p=1.0 or 0.0, the amplitude

10

randomly inverting ones of the located instances to form
a modified data signal; and

modulating the pulse signal with the modified data signal.
2. A method for generating a pulse signal modulated by a

of the peak frequency reaches maximum, about 23 dB, 5 {ata signal including at least one repetitive data pattern,

as shown 1n FI1G. 5F and when p=0.35, the amplitude of
the peak frequency 1s at a minimum, about 3 dB shown

in FIG. SD.

The PSD of bi-phase pulses with p=0.5 has the minimum
peak Irequency amplitude compared to that in other
cases, and 1s about 20 dB lower than for Time-Hopping.

The above results show that the proposed mechanism,
represented by FIG. 3D, can reduce the PSD of UWB
signals. It has better performance and 1s easier to implement
than the time-hopping technique.

The implementations described above have focused on
particular repetitive data, the sync word, that occurs in UWB
communications. UWB communications typically employ
Pulse Position Modulation (PPM) in publications. These
signals may have repetitive elements that are not confined to
the sync word. Time Hopping has been proposed to reduce
or eliminate the discrete component of the PSD of these
UWRB signals. As described above, however, Time-Hopping
may be difficult to implement, in the context of multiple
access communications systems, especially wireless Ad Hoc
networks.

Based on above analysis of the PSD of multiple sync
words, 1t can be seen that the same principle may be applied
to the payload data to reduce the discrete component of PSD
that may be caused by the repetitive nature of the data.
Theretfore, following mechanism 1s proposed for payload
data:

1. Modulation 1s 1n bi-polar or bi-phase form with the two
polarities or phases having the same magnitude but
different signs;

2. All of the data 1n one block take either the original value
or take the opposite (inverted) value, which 1s con-
trolled by a random sequence {b,} defined in section
3.2;

3. One bit 1s used in the data block to indicate whether the
data 1n the block 1s 1inverted.

As 1n the analysis of frame synchronization, all energy
goes to continuous component of the PSD.

The present mnvention concerns a mechanism to reduce or
climinate the discrete component of PSD of a UWB signal
that 1s related to the repetitive occurrence of frame synchro-
nization words. The mvention also extends this concept to
payload data. The implementation described for the present
invention 1s easier than Time Hopping and 1t may be used 1n
UWB multiple access communications and Ad-hoc net-
works.

The present invention has been described 1n terms of exem-
plary embodiments. It 1s contemplated, however, that 1t may
be practiced as described above, within the scope of the
following claims.

The invention claimed 1s:

1. A method for generating a pulse signal modulated by a
data signal including at least one repetitive data pattern,
wherein the modulated signal has a reduced discrete fre-
quency component resulting from the repetitive data pattern,
the method comprising the steps of:

locating instances of the repetitive pattern in the data
signal before the data signal 1s used to modulate the
pulse signal;
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wherein the modulated signal has a reduced discrete ire-
quency component resulting from the repetitive data pattern,
the method comprising the steps of:

locating 1instances of the repetitive pattern in the data
signal before 1t 1s used to modulate the pulse signal;

randomly 1nverting ones of the mstances to form a modi-
fied data signal; and

modulating the pulse signal with the modified data,
wherein the pulse signal 1s an ultra-wide-band (UWB)
signal including a plurality of frames and the repetitive
data pattern 1s a frame synchronization signal occurring
at a predetermined position i each of the frames,
wherein the step of randomly inverting ones of the
instances mcludes the steps of:

defining a frame synchromization signal and an inverted
frame synchronization signal;

as each frame 1s generated, selecting a respective datum
from a random data-stream, the selected datum having
substantially equal probability of having a first value or
a second value; and

assigning the frame synchronization signal to the frame 11
the respective selected datum has the first value and
assigning the mverted frame synchronization signal to
the frame 1f the selected datum has the second value.

3. A method for generating a pulse signal modulated by a
data signal including at least one repetitive data pattern,
wherein the modulated signal has a reduced discrete 1ire-
quency component resulting from the repetitive data pattern,
the method comprising the steps of:

locating instances of the repetitive pattern in the data
signal before 1t 1s used to modulate the pulse signal;

randomly 1nverting ones of the mstances to form a modi-
fied data signal; and

modulating the pulse signal with the modified data signal,
wherein the repetitive data pattern occurs throughout
the data signal and the step of locating 1nstances of the
repetitive bit pattern includes the steps of:

dividing the data signal into blocks;

as each block 1s generated, selecting a respective datum
from a random data-stream, the selected datum having
substantially equal probability of having a first value or
a second value, and

inverting the generated block i1t then respective selected
datum has the first value and passing the generated
block unchanged 1t the selected datum has the second
value.

4. A method for generating a pulse signal modulated by a
data signal including at least one repetitive data pattern,
wherein the modulated signal has a reduced discrete fre-
quency component resulting from the repetitive data pattern,
the method comprising the steps of:

locating instances of the repetitive pattern in the data
signal before it 1s used to modulate the pulse signal;

randomly 1mnverting ones of the mstances to form a modi-
fied data signal; and

modulating the pulse signal with the modified data signal,
wherein the repetitive data pattern occurs throughout
the data signal and the step of locating instances of the
repetitive bit pattern includes the steps of:
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dividing the data signal into blocks;
as each block 1s generated, selecting a respective datum
from a random data-stream, the selected datum having
substantially equal probability of having a first value or
a second value, and 5
inverting the generated block 1f then respective selected
datum has the first value and passing the generated
block unchanged i1 the selected datum has the second
value,
wherein the pulse signal 1s an ultra-wide-band (UWB) 10
signal.
5. A method for generating an ultra-wide-band (UWB)
signal including a plurality of frames each frame including
a frame synchronization signal, the method including the
steps of: 15
defining a frame synchronization signal and an nverted
frame synchronization signal;
as each frame 1s generated, selecting a respective datum
from a random data-stream, the selected datum having
substantially equal probability of having a first value or 20
a second value;
assigning the frame synchronization signal to the frame it
the respective selected datum has the first value and
assigning the mverted frame synchronization signal to
the frame if the selected datum has the second value. 25
6. A method for generating an ultra-wide-band (UWB)
signal including a plurality of frames each frame including
a frame synchronization signal, the method including the
steps of:

12

defining a frame synchromization signal and an inverted
frame synchronization signal;

as each frame i1s generated, selecting a respective datum
from a random data-stream, the selected datum having

substantially equal probability of having a first value or
a second value;

assigning the frame synchronization signal to the frame 11
the respective selected datum has the first value and
assigning the inverted frame synchronization signal to

the frame 1f the selected datum has the second value;
and

detecting the frame synchronization signal,

wherein the step of detecting the frame synchronization
signal includes the steps of:

correlating the frame synchronization signal with the
UWRB signal to generate a correlation signal having a
magnitude and a polarity; and

indicating that the frame synchronization signal has been
detected responsive to the magnitude of the signal
generated by the magnitude of the correlation signal.

¥ ¥ # ¥ ¥



	Front Page
	Drawings
	Specification
	Claims

